Introduction
The boundary between crust and upper mantle was discovered by the Croatian seismologist Andrija Mohorovičić, and it is defined as a distinct discontinuity in the seismic wave velocities (Mohorovičić 1910 ). Studies during the subsequent 100 years showed that this discontinuity was a worldwide phenomenon, and it was named the Mohorovičić discontinuity, Moho, or M-discontinuity. Today, the seismologically defined Earth's crust is understood to be the outer shell of our planet in which the velocity of P waves is less than about 7.6 km s −1 and S-wave velocity is less than about 4.4 km s −1 (e.g., Meissner 1986 ). In general, Pwave velocity in the lower crust is about 7 km s −1 and in the uppermost mantle about 8 km s −1 . Thus, the Pwave velocity contrast at the Moho discontinuity is quite large, up to 1-1.5 km s a significant change in the elastic parameters, resulting from a significant change in the rock types between crust and uppermost mantle. Because of its sharp contrast, the Moho can be studied relatively easily using geophysical and, in particular, seismic methods. A large number of such data sets-individual seismic profiles, 3-D models obtained from body and surface waves, results from receiver function studies and regional seismic and/or gravity maps-were compiled for Europe ). This is the first digital, high-resolution map of the Moho depth for the whole European Plate, which extends from the mid-Atlantic ridge in the west to the Ural Mountains in the east, and from the Mediterranean Sea in the south to the Barents Sea and Spitsbergen in the Arctic in the north (Fig. 1) . In general, three large domains are visible within the European Plate crust. The oldest Archean and Proterozoic crust has a thickness of 40-60 km, the continental Variscan and Alpine crust has a thickness of 20-40 km, and the youngest oceanic Atlantic area has the Moho depth at 10-20 km.
In the past decades, and in particular in the past few years, considerable developments in the receiver function (RF) techniques have taken place. A large number of new Moho depth (crustal thickness) determinations, beneath permanent broadband seismic stations and temporary arrays used in passive experiments, motivated us to compare the Moho depths H MM from the Moho depth map of the European Plate ) and the Moho depths H RF from receiver function analysis.
Receiver function data
Different RF techniques provide new, independent information on the distribution of seismic velocities in the crust and/or crustal thickness. We analyze a large number of new determinations of crustal thickness beneath permanent broadband seismic stations and temporary arrays used in passive experiments (for location, see Fig. 1 ). The database of crustal thickness evaluations from receiver function studies comprises Fig. 1 The Moho depth map of the European Plate ) and spatial coverage by receiver function data used in the present paper (black and red dots). The database on receiver function data comprises more than 40 data sets (1,016 points) from permanent seismic stations and temporary arrays used in passive experiments-for references, see Table 1 . The map is plotted using Lambert projection. Thick white line A-F shows a transect with a ±50-km-wide corridor limited by white thin lines; stations with receiver function data within this corridor are marked in red and compared with refraction data and the Moho map-for explanation, see Fig. 5 more than 40 data sets (1,016 points with geographic coordinates λ and ϕ, crustal thickness, and topography). The publications used in this analysis are listed in Table 1 . As seen in Fig. 1 , the coverage of RF data is inhomogeneous. The data cover mostly the continental part of the European Plate, with the largest concentration of data in the Baltic shield, the Alps, and the Apennines. Also Iceland at the Mid-Atlantic ridge has quite good coverage, while only single station data are available from most islands on the oceanic part of the plate. The Moho depth map refers to the sea level, and crustal thickness values from RF were corrected for topography. In some cases, we used original data from published papers. In others, topography was taken from ETOPO1 (Amante and Eakins 2009) , which is a 1-arc-min global relief model of the Earth's surface topography and ocean bathymetry. The original data points in geographical coordinates were transformed to xy-coordinate system to reduce distortion caused by handling geographic data from different latitudes. Geographical coordinates were changed to xy-coordinates with Lambert projection in the scale 1:10,000,000 using origin of 59.5°N, 15.0°E and standard parallels of 30°N and 86°N. The data points were changed to a 10×10 km grid using an adjustable tension continuous curvature surface gridding algorithm (Smith and Wessel 1990) . Sometimes, H RF was determined more than once for the same station with different methods or with different data sets. Before gridding, the data were pre-processed to eliminate redundant data and to avoid spatial aliasing. This was done by transforming the original points to 10×10 km block averages. All coordinate manipulation and plotting were done with The Generic Mapping Tools (GMT, Smith 1991, 1998) . The Moho depth map compiled from receiver function studies (H RF ) is shown in Fig. 2 .
Some authors give an uncertainty |ΔH RF | for their crustal thickness H RF . These error estimates have been obtained using bootstrapping, data variance, and chisquare-like methods. We analyze the relationship between the crustal thickness and the uncertainty of the crustal thickness for 393 receiver function results. The data and results of analysis are shown in Fig. 3a . The maximum uncertainty is about 8 km, and the uncertainties are mostly concentrated at 1-4 km. In Fig. 3a , a thick line shows the linear dependence fitted to the data:
where ΔH RF and H RF are in kilometers. About 85% of the data lie within 2 km from the fitted line. The uncertainty of the crustal thicknesses is about ±2 km for 20-km-thick crust and about ±4 km for 60-kmthick crust. In general, the relation (1) shows that the uncertainty of the crustal thicknesses determined using RF is slightly larger than 5%. Crustal thicknesses from the Moho depth map (H MM ) were obtained for locations of the receiver function data points. For H RF , the topography was Table 1 Sources of receiver function data for crustal thickness (Moho depth) used in this paper
Area
References for receiver function data Zor et al. (2003) taken into consideration. Both depths H RF and H MM are in kilometers below sea level. The uncertainty of H MM was taken from the uncertainty map associated with the Moho map ). The uncertainty of H RF was taken from the original papers. For the crustal thickness determinations for which uncertainty was not given by the authors, we used statistical relation (1). In the following analysis, the total number of data points is 1,016. H RF and H MM depths with error bars are plotted in Fig. 3b . The Moho depth H RF covers over 60 km range. The shallowest Moho H RF =7.9 km is observed for the station BORG, Iceland , and the deepest H RF =68.5 km for the Zagros belt (Paul et al. 2006) . This comparison shows a linear trend between H RF and H MM (both in kilometers):
with a standard deviation of χ 2 =1.330. As seen in Fig. 3b , for the Moho depths of 30-40 km, the values are approximately the same, while for thin crust, the Moho from RF is about 5 km shallower, and for thick crust, the Moho is about 5 km deeper.
The best coverage of crustal thickness from RF determinations is available for the continental part of the Western and Central Europe. For this area, we made more detailed comparison between the Moho depth estimates from RF studies and from other methods. Figure 4a shows uncertainty of the crustal thicknesses determined from receiver function analysis |ΔH RF |. The difference of H RF −H MM is shown in Fig. 4b . For the most part of the area, the difference is in the order of ±6 km, and the largest difference is observed for the area of Sicily and the Zagros belt.
Discussion of the deviations, uncertainties, and errors
In this section, we discuss the uncertainties and errors in the Moho depth determinations, as well as possible reasons for the difference between Moho depths H MM and H RF .
In construction of the Moho depth map for the European Plate ), different types of data were used, and in most cases, the Moho depths Fig. 2 The Moho depth map from the receiver function data as compiled for this study. For each station, a mask of 140 km radius was used to plot the Moho depth. The map is plotted using Lambert projection. Red dotted lines mark borders of three age groups of the European crust-thin and young oceanic crust of the Atlantic Ocean, the continental crust of the Variscan and the Alpine Europe, and the thickest and oldest crust of the Archean and Proterozoic Baltica were consistent. The uncertainties are different for different seismic techniques and can be different even for the same technique in different experiments and areas. The lowest uncertainty is in the order of 5% for new, modern, good-quality seismic refraction profiles, available in digital form (e.g., models obtained by ray tracing modeling). This gives about ±2 km uncertainty for 40-km-thick crust. Older, reinterpreted, compiled, and/or manually digitized profiles have lower quality, with uncertainty in the order 6-8%. The highest uncertainty (about 20%) was attributed to results obtained from surface waves and gravity modeling. For all the data points used to construct the Moho depth map (for the same latitude ϕ and longitude 1), corresponding values of uncertainties (in kilometers) were attributed. The map of the Moho depth uncertainty was constructed using the same projection, transformation, filtering, etc., as the Moho depth map ; in digital form also at WWW pages). The uncertainty of the Moho depths H MM ranges from ±2 to ±10 km. The lowest uncertainty in the order of ±2-4 km is associated with the continental part of Western, Central, and Northern Europe. Similar values are associated with the oceanic crust. However, since the oceanic Moho depth is about 10-15 km, the relative uncertainty is larger. The largest uncertainty is observed for Greenland and Africa-Arabia transition, where the resolution of the present map is the lowest.
The data sets used in the construction of the Moho depth map for the European Plate were dominated by results from seismic profiles and their compilations (local and regional maps). Thus, the data density was relatively higher than for individual stations used for the Moho depth determination from receiver function analysis. The Moho map for the British Isles and surrounding areas constructed from many seismic profiles and gravity modeling (Kelly et al. 2007 ) had much larger weight than limited number of RF data (Tomlinson et al. 2006 )-their influence on final map is rather small.
What comes to the uncertainties and errors in the Moho depth determinations, we can raise numerous questions, starting from the quality of observations and experimental data, to processing and interpretation methods. Below, we have listed some problems related to the two main structural methods: seismic refraction and receiver function. It is not easy to make precise quantitative evaluations without real data, and unfortunately, such evaluations are not common in the original papers and have been published only in some papers. Very often, even basic information about profile is missing, information such as the shot and receiver locations, examples of recorded data, and accuracy of the timing procedure.
& Although both seismic refraction and receiver function methods can reveal the structure of the Earth's crust and uppermost mantle, their Thick line shows the linear fit to the data, an area within ±2 km from the fitted line is marked with the blue band which contains about 85% of the data. Dotted line shows an envelope of maximum uncertainty. b A comparison between the Moho depth H MM from the Moho depth map of the European Plate ) and the Moho depth from receiver function analysis H RF . For receiver function, the Moho depth was obtained from crustal thickness, taking topography into account. Both H MM and H RF are in kilometers below sea level. The total number of 1,016 receiver function data points and the corresponding depths taken from the map are plotted together with error bars underlying principles are quite different. In seismic refraction method, we investigate the structures using mostly P waves (refracted and reflected) going down into the crust. In receiver function method, we investigate the structures using upgoing S waves from teleseismic events (P-to-S converted at the Moho and other discontinuities). This is the first source of deviations between the methods. On the other hand, this gives a chance to create a common, integrated Pand S-wave velocity model for the same area. For example, known P-wave velocity model from a refraction study can be used as a good starting point for S-wave modeling with receiver function method. & Different techniques are applied in the interpretation of RF. In the first step of RF processing, original components of seismogram (Z, N, E) are rotated into vertical, radial, and tangential (Z, R, T) components or into ray-parameter coordinate system (L, Q, T) which is useful to separate different wave types P, SV, and SH (Vinnik 1977; Geissler et al. 2008 ). In the estimation of the Moho depth, the delay time of P-to-S converted waves is compared to the direct P-wave (e.g., Langston 1979; Ammon 1991; Cassidy 1992) . To investigate the 1-D S-wave velocity structure beneath the station the time-domain inversion methods are applied to the radial receiver function: linear, semi-linear, stochastic inversionsee, e.g., Ammon et al. (1990) and Hetényi and Bus (2007) . However, the result of inversion depends on the starting model, in particular for noisy data. In order to receive independent results, we can run the inversion with many different starting models and then stack the results to calculate one mean model of the structure (e.g., Wilde-Piórko et al. 2002) . Forward modeling using trial-and-error method may find a simple model which could well explain the observed receiver functions. In forward modeling, a generalization and simplification of the models could complement and correct the results of inversion. & In RF technique, the Moho depth is usually projected beneath the station. However, the observed converted and reverberated phases Ps, PsPmP + PpSmP and PsSmP (P, p-longitudal, S, s-shear waves, m-reflection from the Moho), come from the wide area around the station, which at the Moho is from a few tens up to a hundred kilometers in diameter. In seismic refraction method, the system of reciprocal travel times permits for determination of dipping boundaries along profiles. For 2-D refraction profiles, however, modeling does not take into account out-ofplane refractions and reflections, which could Zhu and Kanamori (2000) for simultaneous determination of the Moho depth and Poisson's ratio in the crust has become very popular. An average Poisson's ratio σ in the crust and the Moho depth H are estimated in a grid search over the σ−Η space, and the (σ, H) pair which is in the closest agreement with the observed converted and reverberated phases is determined. This method was found to be very sensitive to the average Poisson's ratio in the crust, but it works only for sharp Moho (with large contrast of elastic parameters), when clear Moho conversions and their associated multiples are observed (e.g., Kumar et al. 2007 ). Weak point of this method is the assumption of an average V P velocity in the crust. As result, the average Poisson's ratio σ in the crust (or V P /V S ratio) may not be adequate and sufficient for the whole crust. For example, in the East European craton V P /V S ratio is about 1.67, 1.73, and 1.77 in the upper, middle, and lower crusts, respectively. This means that the S-wave velocity in the crust is not much differentiated and the relative contrast of V S velocity at the Moho is larger than that for P waves. & The accuracy of the seismic velocity structure determined using teleseismic receiver functions is a complex problem since it strongly depends on many factors. Usually many tens or hundreds good-quality seismograms of teleseismic events are recorded by a single permanent broadband station (e.g., Piana Agostinetti and Amato 2009; Geissler et al. 2008) . However, even a large number of seismograms do not guarantee a good azimuthal coverage (e.g., Radjaee et al. 2010 ). This is particularly important when the structure beneath the station could not be approximated by a 1-D model, i.e., in the case of dipping layers or anisotropy. These effects are usually visible in the azimuthal distribution of tangential components of RF. For temporary passive experiments, this is even bigger problem, due to the limited number of events. Usually during 1 year of a campaign, only about few tens of good quality records, with magnitude M≥5.5, are collected Gregersen et al. 2006; Wilde-Piórko et al. 2008 (2005) and Geissler et al. (2008) differ only by about ±1 km; however, in other regions, differences can reach more than ±5 km, as is the case for Greenland (Dahl-Jensen et al. 2003; Kumar et al. 2007) . & In seismic refraction and wide angle reflection method observed PmP waves are weak for weak contrast at the Moho (gradient Moho zone). At the same time, good quality refracted Pn waves still give an opportunity for proper identification and determination of the crust-mantle transition. Ps wave converted at the same gradient Moho transition gives weak receiver function response, which weakens the precision of the Moho depth H RF determination.
The above list of mostly "technical" problems is not exhaustive. In seismic refraction, in seismic tomography, and ray-tracing techniques, the uncertainty has resulted from subjectively picked travel times. Their accuracy increases with increasing quality and amount of data. Both in seismic refraction and receiver function techniques, the results (models of the structure) depend on different model parameterization, different inversion techniques used, etc. As an example, Fig. 5 shows comparison of the Moho depth along a 5,500-km-long transect A-F running through the Europe at ca. 10-20°E longitude (for location, see Fig. 1 ). For the transect line, the Moho depth from the map is shown by a thick white line ). The Moho depth from active data is compiled from profiles EGTSouth, EUGEMI, EUGENO-S line 1, FENNOLORA, and refraction profiles in Arctic (Ansorge et al. 1992; Neprochnov et al. 2000; Breivik et al. 2005; Czuba et al. 1999 Czuba et al. , 2011 and is shown by thick green line. The changes in the Moho depth from refraction data are sharp and, at distances of about 1,200-1,500 km, show "second" Moho in Alps (subducting Moho-dotted green lines in Fig. 5 ). Both Moho depths ("white" and "green" lines) are consistent; however, the Moho depth from the map is smoother, which results from compilation of 3-D data, as well as smoothing and interpolation. RF data are compiled along a transect within ±50-km-wide corridor (with the exception of two southernmost points which are about 120 and 55 km from the transect line). Black dots show the Moho depths and vertical lines show positions of stations along transect. In general, RF data "oscillate" around continuous curves, and in this example (67 RF points), any convincing trend is not seen.
Summary and conclusions
Herein, we have compared the Moho depths from the Moho depth map of the European Plate by Grad et al. (2009) and the Moho depth values obtained with RF methods by several authors. The best coverage of the crustal thickness from RF determinations comes from the continental part of the Western and Central Europe. There is practically no RF data available beneath the ocean and the seas. Based on 393 values of crustal thickness, we have determined linear relation (1) of the Moho depths H RF and their error estimates (Fig. 3a) . Most of the error estimates seem rather optimistic, when compared to the total range of the values. Linear fit (2) between H RF and H MM (Fig. 3b) shows that the receiver function method gives shallower Moho when the Moho depth is smaller than 30 km and deeper Moho (than other methods) when the Moho depth is more than 40 km. It should be noted that in some cases for inversion of RF, instead of regional crustal velocity structure, global velocity models (e.g., iasp91, Kennett and Engdahl 1991), or other reference models with global crustal thickness of about 35 km are used (see for example Sodoudi et al. 2009; Hetényi and Bus 2007; Paul et al. 2006 ). This could be the main reason for Fig. 5 The comparison of the Moho depth along 5,500-kmlong transect A-F at ca. 10-20°E longitude (for location, see Fig. 1 ). For the transect line, the Moho depth from the map is shown by a thick white line ). The Moho depth from refraction profiles is compiled for EGT-South, EUGEMI, EUGENO-S line 1, FENNOLORA, and refraction profiles in Arctic (Ansorge et al. 1992; Neprochnov et al. 2000; Breivik et al. 2005; Czuba et al. 1999 Czuba et al. , 2008 Czuba et al. , 2011 and is shown by a thick green line. Thick dotted green lines at distances of about 1,200-1,500 km show "second" Moho in the Alps (subducting Moho). The Moho depths from RF are compiled along A-F transect within ±50-km-wide corridor-black dots show the Moho depth and vertical lines show positions of stations along the transect the observed discrepancy between the Moho depths H MM and H RF . Distribution of the Moho depth values based on RF (in the range of 10-70 km) is clearly wider than the distribution of the Moho depths from other seismic methods (in the range of 15-55 km) for the study area.
